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EXECUTIVE  SUMMARY 


Several  siliceous  (i.e.,  materials  containing,  resembling,  relating  to  or  consisting  of  silica 
or  silicon  dioxide)  materials  were  examined  in  this  study  conducted  by  Oak  Ridge  National 
Laboratory  and  sponsored  by  the  US  Army  TARDEC.  Some  were  glasses  (fused  silica  or  fused 
quartz,  Starphire  soda  lime  silicate  glass,  hydrated  Starphire,  BOROFLOAT  borosilicate  glass, 
an  iron-containing  soda  lime  silicate  glass,  opal  (a  hydrated  silicate  glass),  ROBAX  glass 
ceramic,  and  others  were  single  crystal  (a-quartz)  and  polycrystalline  (Coesite  -  a  high  pressure 
phase  of  crystalline  quartz)  ceramics.  Some  of  these  materials  are  presently  used  in  transparent 
armor  systems  or  are  under  consideration  for  such.  The  testing  of  these  materials  allowed  for 
comparisons  of  glass  types,  glass  versus  glass  ceramics,  effect  of  water  content,  and  comparison 
of  amorphous  versus  crystalline  materials  of  the  same  composition. 

The  responses  of  these  materials  to  high  pressure  loading  were  studied  using  spherical 
indentation  testing,  diamond  anvil  cell  testing,  and  laser  shock  testing.  So  besides  the  focus  of 
this  study  being  on  the  siliceous  materials,  as  much  emphasis  was  placed  on  the  efficacy  of  these 
three  test  methods  to  exploit  high  pressure  responses.  Each  test  is  different  and  enables  the  study 
of  different  aspects  of  high  pressure  response  as  highlighted  below. 

1.  Spherical  indentation,  when  using  small  indenter  diameters,  produces  both  high 
pressure  and  shear,  and  the  loading  and  unloading  histories  enabled  quantification  of 
apparent  yield  stress  and  semi-quantification  of  energy  absorption  capability 
(hysteresis)  of  the  various  siliceous  materials. 

2.  Diamond  anvil  cell  testing  produces  a  hydrostatic  stress,  and  when  concurrently  used 
with  Raman  Spectroscopy,  enabled  the  potential  identification  of  changes  of  state  of 
material  as  a  function  of  quantified  pressure  for  the  various  siliceous  materials. 
Permanent  densification  was  also  detectable. 

3.  Laser  shock  testing  produces  high  pressures  but  under  dynamic  conditions  (impact 
event  less  than  30  ns),  so  this  enabled  the  study  of  the  effect  of  rate  on  high  pressure. 
A  previously  unobserved  damage  mechanism  was  revealed  with  this  testing,  and  the 
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ease  or  difficulty  of  laser-shock- induced  damage  initiation  was  deemed  to  be  relatable 
to  the  native  surface  flaw  population  that  exists  on  these  materials. 


DISCLAIMER 
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endorsement,  recommendation,  or  favoring  by  the  United  States  Government  or  the  Department 
of  the  Army  (DoA).  The  opinions  of  the  authors  expressed  herein  do  not  necessarily  state  or 
reflect  those  of  the  United  States  Government  or  the  DoA,  and  shall  not  be  used  for  advertising 
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1.  INTRODUCTION 


The  ballistic  impact  of  transparent  armor  materials  often  involve  the  imposition  of  very 
high  pressures.  Transparent  armor  materials  are  almost  always  silicate  (siliceous)  based  either  in 
the  form  of  glass  or  glass  ceramics,  and  can  exist  in  many  forms  and  phases  if  crystalline  (see 
Fig.  1.1). 
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Figure  1.1.  Silica  structure  diagram  after  Sosman  [2], 


The  discussion  and  interpretation  of  high  pressure  response  of  siliceous  based  materials 
has  continued  for  several  decades  now  and  arose  from  recognized  pioneering  work  by 
Robert  B.  Sosman  (regarding  all  things  silica)  and  1947  Nobel  Prize  recipient 
Percy  W.  Bridgman  (high  pressure  testing).  The  authors  of  the  present  report  do  not  provide  a 
history  of  this  discussion  nor  of  the  extensive  amount  of  work  that  has  occurred  since  then; 
however,  the  reader  is  directed  toward  selected  References  [1-10]  should  interest  exist  in 
reviewing  some  of  the  more  classical  literature  and  useful  reviews. 
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A  statement  of  stress  or  pressure  units  and  their  conversions  is  important  when  surveying 
the  literature  in  context  to  the  testing  completed  in  this  study;  namely 

1  GPa  =  1,000  MPa  =10  kbar  ~  10,000  kg*cm'2  ~  10,000  atm.  (1) 

The  present  study's  authors  use  GPa  for  pressures  generated  in  their  testing  whereas  the  other 
shown  units  of  pressure  in  Eq.  1  are  also  often  used  in  the  literature. 

Relatively  large  densifications  of  glass  under  pressure  are  known  to  exist  with  initiations 
occurring  as  low  as  a  few  GPa,  as  shown  in  Fig.  1.2,  and  is  known  to  be  a  strong  function  of  the 
glass's  chemistry  (Figs.  1.3- 1.4).  Additionally,  the  amount  of  water  in  a  glass  is  known  to 
decrease  its  hardness  [11],  therefore  its  role  potential  densification  in  a  soda  lime  silicate  glass  is 
considerable  too. 


Figure  1.2.  Fused  silica  densification  response  as  a  function  of  pressure  after 
Bridgman  [4], 
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Figure  1.3.  Densification  as  a  function  of  temperature  at  3  GPa  for  a  number  of 
alkali  silicate  glasses  [7]. 
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Figure  1.4.  Densification  of  various  glasses  as  a  function  stress  [10]. 
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While  pressure-induced  densification  is  a  sum  of  reversible  and  permanent  densification, 
only  recently  has  the  latter  started  to  have  been  accounted  for  in  ballistic  modeling  [12]. 
Ballistics  testing  can  produce  densification  and  enable  densification's  study;  however,  it  is 
expensive,  time  consuming,  and  not  always  amenable  for  postmortem  material  characterization. 
Consequently  ballistic  testing  as  a  screening  tool  is  impractical  when  there  are  many  different 
potential  glass  candidates  for  transparent  armor  with  different  compositions.  Therefore,  three 
different  high-pressure-application  test  methods  were  employed  in  this  study  to  explore  the  high 
pressure  response  of  siliceous  materials.  The  methods  were: 

1.  Spherical  indentation  testing  with  small  indenter  diameter.  Produces  both  high 
pressure  and  shear,  and  the  loading  and  unloading  histories  enables  quantification  of 
apparent  yield  stress  and  semi-quantification  of  energy  absorption  capability 
(hysteresis).  The  authors  of  the  present  report  continue  to  assert  this  method  is 
applicable  for  characterizing  high  pressure  response,  and  continue  to  refine  its  testing 
protocol  and  interpretation  to  satisfy  that. 

2.  Diamond  anvil  cell  testing.  Produces  a  hydrostatic  stress,  and  when  concurrently 
used  with  Raman  Spectroscopy,  enables  the  potential  identification  of  changes  of 
state  of  material  as  a  function  of  quantified  pressure  for  the  various  siliceous 
materials.  Permanent  densification  is  also  detectable.  Most  high  pressure  studies 
involve  this  method. 

3.  Laser  shock  testing.  Produces  high  pressures  but  under  dynamic  conditions  (impact 
event  less  than  30  ns),  so  this  enables  the  study  of  the  effect  of  rate  on  high  pressure. 
This  is  a  non-standard  test;  however,  the  authors  of  the  present  report  continue  to 
consider  its  utility  because  it  (1)  applies  high  pressure  under  dynamic  conditions,  and 
(2)  does  so  in  the  absence  of  a  penetrating  projectile  thusly  enabling  the  potential 
deconvolution  of  shock  damage  and  contact  damage. 

This  study  ultimately  had  two  objectives:  investigate  and  compare  the  response  of  various 
siliceous  materials  to  high  pressures,  and  investigate  the  utility  and  advantages  and 
disadvantages  of  these  three  test  methods  to  impart  that  high  pressure. 
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2.  DESCRIPTION  OF  SILICEOUS  TEST  MATERIALS 


Several  materials  were  evaluated  but  not  all  could  be  tested  using  all  three  test  methods 
(spherical  indentation,  diamond  anvil  cell  testing,  and  laser  shock  testing)  owing  to  specimen 
size  limitations  in  some  cases.  A  summary  of  which  materials  were  tested  by  each  test  method  is 
listed  in  Table  2.1.  Among  all  those  listed,  the  responses  of  four  materials  (fused  silica, 
Starphire  soda  lime  silicate  glass,  BOROFLOAT  borosilicate  glass,  and  ROBAX  glass  ceramic) 
were  evaluated  by  all  three  test  techniques.  The  air  and  tin  sides  of  the  three  float  glasses  were 
also  tested  with  all  three  test  methods.  The  starting  material  or  test  coupons  for  all  the  listed 
materials  in  Table  2.1  are  shown  in  Figs.  2. 1-2.9.  The  physical  properties  of  these  materials  are 
disclosed  later  in  Sections  3-5. 


Table  2. 1 .  Material  and  Test  Matrix. 


Material 

Class 

Brand  Name 
or  Description 

Manufacturer 
or  Vendor 

Spherical 

Indentation 

Testing 

KwIT  1  [ill 

Glass 

Fused  silica  or  fused 
quartz 

Quartz  Scientific 

X 

X 

X 

Starphire 

(soda  lime  silicate) 

PPG 

X 

Air  &  Tin 

X 

Air  &  Tin 

X 

Air  &  Tin 

Hydrated  Starphire 

PPG 

(ORNL  modified) 

X 

BOROFLOAT 

(borosilicate) 

SCHOTT 

X 

Air  &  Tin 

X 

X 

Air  &  Tin 

Fe-containing  soda 
lime  silicate 

Dulles  Glass  and 
Mirror 

X 

Air  &  Tin 

X 

Air  &  Tin 

Opal 

(hydrated  silica) 

Excalibur  Mineral 
Corporation 

X 

X 

Glass  Ceramic 

ROBAX 

SCHOTT 

X 

X 

X 

Single 

Crystal 

Ceramic 

a-Quartz 

Jim  Coleman 
Crystal  Mines 

X 

a-Quartz 

{1000} 

X 

a-Quartz 

(0001) 

X 

Polycrystalline 

Ceramic 

Coesite 

Excalibur  Mineral 
Corporation 

X 
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Figure  2.1.  Fused  silica  (or  fused  quartz)  glass. 


Figure  2.2.  Starphire  soda  lime  silicate  glass. 


Figure  2.3.  Hydrated  Starphire  soda  lime  silicate  glass  (white  flaked). 


Figure  2.4.  BOROFLOAT  borosilicate  glass. 
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Figure  2.5.  Iron-containing  soda  lime  silicate  glass. 


Figure  2.6.  Opal  (hydrated  amorphous  silica). 
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Figure  2.7.  ROBAX  glass  ceramic. 


Figure  2.8.  a-quartz  single  crystal  ceramic. 
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Figure  2.9.  Coesite  polycrystalline  ceramic.  Coesite  is  a  high  pressure  phase  of 
quartz. 


3.  SPHERICAL  INDENTATION  TESTING 

3.1.  Features  and  Advantages 

Spherical  indentation  using  a  sufficiently  small  diamond  indenter  can  be  a  very  effective 
way  to  produce  a  yield-like  response  in  brittle  materials  with  cracking  (i.e.,  fracture)  prematurely 
halting  it.  A  key  issue  is  the  size  of  that  indenter.  A  diameter  that  is  too  large  causes  sufficiently 
high  radial  tensile  stresses  (e.g.,  many  hundreds  of  MPa)  to  form  on  the  surface  before  a 
sufficiently  high  contact  pressure  develops  resulting  in  ring  and  cone  crack  formation  before 
yielding.  This  complicates  the  situation  because  once  fracture  starts,  it  is  much  more 
energetically  favorable  in  brittle  materials  to  promote  additional  crack  propagation  with 
additional  load  increase  than  to  initiate  a  yield-like  response.  But  a  sufficiently  small  indenter 
diameter  causes  sufficiently  high  contact  pressure  to  form  first  (e.g.,  many  GPa),  and  the  brittle 
material  will  exhibit  a  yield-like  response  first.  This  enables  an  estimation  of  apparent  yield 
stress  of  the  material.  For  amorphous  materials,  using  a  too-small  indenter  is  not  as  problematic 
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as  it  is  with  polycrystalline  brittle  materials.  In  this  case,  one  should  strive  to  sample  as  many 
grains  as  possible  so  using  too  small  of  an  indenter  does  not  satisfy  that.  The  authors  of  the 
present  study  have  done  many  hundreds,  if  not  thousands,  of  spherical  indents  during  the  last  10 
years,  and  an  indenter  diameter  in  a  range  between  250-500  pm  has  been  found  to  be  the  most 
versatile.  It  is  sufficiently  small  to  usually  cause  plastic-like  response  before  fracture  is  induced, 
and  its  contact  diameter  patch  during  indentation  is  sufficiently  large  to  sample  many  dozens  of 
grains  and  a  bulk  material  response. 

Lastly,  spherical  indentation  using  diamond  indenters  can  be  implemented  relatively 
inexpensively,  specimen  preparation  can  be  very  simple,  not  much  material  is  needed,  and  many 
tests  can  be  conducted  relatively  quickly  to  produce  sufficient  statistics.  Spherical  testing  takes  a 
quantum  leap  in  usefulness  if  the  indenter  depth  of  penetration  can  be  concurrently  measured 
during  a  loading-unloading  response.  This  feature  enables  repeatable  data  analysis  and  ultimate 
estimation  of  apparent  yield  stress. 

3.2.  Indentation  Stress  Field 

The  Hertzian  contact  stress  field  is  well  chronicled  by  Johnson  [13]  and  a  multitude  of 
others,  and  is  shown  on  the  right  hand  side  of  Fig.  3.1.  The  maximum  pressure  in  the  stress  field 
is  not  located  at  the  contact  surface  directly  under  the  indenter;  rather,  it  is  located  at  a  depth 
below  the  surface  of  approximately  one-fourth  the  surface  contact  diameter.  If  yielding  initiates, 
then  it  initiates  at  that  location  and  not  at  the  surface. 

This  brings  in  the  use  of  the  term  "apparent  yield  stress"  in  these  experiments.  A  yield¬ 
like  response  is  being  detected  in  this  spherical  indentation  by  the  use  of  a  (surface  located) 
indent  depth  of  penetration  sensor.  The  indenter  depth  of  penetration  sensor  will  not  detect 
(permanent)  penetration  until  the  deformation  field  from  that  yield  initiation  finds  its  way  to  the 
surface.  Therefore,  the  "actual"  yielding  in  spherical  indentation  occurs  at  a  compressive  load 
slightly  lower  than  what  it  experimentally  determined  here.  For  that  reason,  our  reporting  of  a 
value  here  is  not  the  material's  actual  yield  stress  but  rather  an  "apparent  yield  stress."  While  it 
would  be  ideal  to  measure  the  actual  yield  stress  (a  material  property),  the  estimation  of  an 
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apparent  yield  stress  is  a  good  compromise  because  its  value  indicates  that  the  actual  yield  stress 
of  a  material  is  no  larger  than  it.  It  depends  on  the  material  of  course  (i.e.,  a  material's  elastic 
modulus  and  Poisson's  ratio  and  those  properties  of  the  indenter  too),  but  the  authors  have 
performed  finite  element  analysis  in  the  past  to  try  to  estimate  the  difference  between  the  two 
and  the  actual  yield  stress  was  ~  8-10%  less  than  the  apparent  yield  stress. 

In  contrast  to  the  conventional  measurement  of  hardness,  the  yield  stress  of  a  material  is 
an  intrinsic  material  property.  Hardness  however  is  a  material  characteristic  and  not  a  material 
property  because  it  depends  very  much  on  the  indenter  shape  being  used  and  different  indenters 
will  produce  different  measurements  of  hardness.  If  spherical  indentation  can  be  employed  to 
estimate  apparent  yield  stress,  then  it  is  a  superior  measurement  to  hardness  measurement.  A 
hardness  indent  can  be  predicted  if  a  material's  yield  stress  is  known;  however,  going  in  the 
opposite  direction  to  calculate  yield  stress  from  a  hardness  number  is  nearly  impossible. 


\:!a 


Figure  3.1.  Stress  fields  associated  with  spherical  (Hertzian)  indentation  (right 
side  of  schematic). 
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3.3.  Experimental  Method 


A  Zwick  microhardness  indenter  was  used  to  perform  spherical  indentation  as  shown  in 
Fig.  3.2.  This  indenter  independently  measures  compressive  force  and  indenter  depth  of 
penetration  during  a  programmed  load-unload  test  waveform.  A  schematic  of  the  indenter  depth 
of  penetration  sensor  is  shown  in  Fig.  3.3.  Its  patented  design  avoids  the  sampling  of  machine 
compliance  giving  good  fidelity  of  the  measured  response. 


Figure  3.2.  Zwick  microindentation  system  (left)  was  used  for  the  spherical 
indentation.  Close-up  of  the  indenter  depth  sensor  making  contact  (right)  with 
sample  (indenter  not  visible). 
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Figure  3.3.  Schematic  of  the  indenter  and  indenter  depth  of  penetration 
measurement  system. 


A  displacement  rate  of  10  pm/min  was  used  for  the  loading,  and  a  diamond  indenter 
diameter  of  220  pm  was  used  in  all  the  testing.  An  example  of  representative  load-unload  curves 
for  an  indentation  test  is  shown  in  Fig.  3.4.  Acoustic  emission  sensing  and  analysis  was  used  in 
all  spherical  indentation  tests  to  discern  where  crack  initiation  occurred. 
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Indenter  Depth  of  Penetration,  IDOP  (pm) 


Figure  3.4.  Example  of  a  generated  load-unload  profile  from  a  spherical 
indentation  test. 


One  lesson  learned  is  to  always  independently  confirm  the  size  of  the  employed  indenter 
diameter.  The  indenter  diameter  was  claimed  to  be  250  pm  by  its  manufacturer.  However,  when 
using  that  size  with  the  to-be-described  analysis,  the  elastic  portion  of  the  indent  loading  cycle 
could  not  be  reconciled  with  theoretical  prediction.  The  indenter's  radius  of  curvature  was  then 
measured  using  two  different  methods  (see  Fig.  3.5),  and  its  size  was  found  to  be  ~  27%  smaller 
than  what  the  manufacturer  reported.  Once  this  correct  value  of  diameter  was  used  in  the 
Hertzian  stress  analysis,  the  measured  elastic  responses  of  the  test  materials  behaved  as  expected, 
and  this  provided  confident  analysis  for  identifying  and  quantifying  the  load  associated  with  the 
onset  of  a  yield-like  response. 
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Figure  3.5.  Although  the  manufacturer  reported  the  indenter  radius  to  be  150  pm, 
two  different  measurement  methods  showed  the  actual  radius  to  be  smaller.  A 
radius  of  1 10  pm  was  used  for  all  the  stress  calculations. 


A  computer  program  previously  developed  at  ORNL  was  used  to  estimate  the  apparent 
yield  stress.  It  compares  the  experimentally  measured  loading  curve  with  an  idealized  loading 
curve  when  the  material  is  linearly  elastic.  Illustrations  of  some  of  its  analysis  are  shown  in 
Figs.  3. 6-3. 8.  The  software  identifies  the  load  where  the  two  curves  diverge,  and  then  this  load  is 
used  in  classical  Hertzian  theory  to  estimate  the  associated  apparent  yield  stress. 

Lastly,  to  employ  Hertzian  calculations  of  stresses,  the  elastic  properties  of  the  indented 
materials  needed  to  be  known  first.  While  the  above-described  software,  coupled  with  the  good 
data  generated  from  the  Zwick  indenter,  allowed  for  determination  of  the  material's  elastic 
modulus,  a  resonant  ultrasound  spectroscope  was  instead  used  to  independently  measure  elastic 
modulus  and  Poisson's  ratio  of  the  indented  materials  using  analysis  described  elsewhere 
[14-15].  Those  results  are  listed  in  Table  3.1  for  all  the  materials  that  were  spherically  indented. 
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Figure  3.6.  ORNL-developed  software  enabled  the  identification  where  apparent 
yielding  initiated. 


Figure  3.7.  Enlarged  region  of  load  (P)  indent  depth  of  penetration  (y)  where 
theoretical  curve  diverges  from  experimental  curve. 
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Figure  3.8.  A  portrayal  of  the  indenter  depth  of  penetration  to  load  ratio  (y/P)  as  a 
function  of  y  sometimes  was  effective  at  helping  the  user  identify  the  divergence. 


Table  3.1.  Spherical  indentation  test  matrix. 


P-Wave  or  S-Wave  or 

Compressive  Shear 

Wave  Wave  Estimated 


Youngs 

Poissons 

Shear 

Bulk 

Speed  of 

Speed  of 

Crack  Propagation 

Density 

Modulus 

Ratio 

Modulus 

Modulus 

Sound 

Sound 

Speed 

Material 

P 

E 

V 

G 

K 

VL 

VS 

VC 

Structure 

Brand  Name  or  Type 

(Q/emA3) 

(GPa) 

(GPa) 

(GPa) 

(m/s) 

(m/s) 

(m/s) 

Glass 

Fused  Silica 

2.18 

72.8 

0.159 

31.4 

35.6 

5957 

3793 

1896 

Glass 

Starphire  -  Air 

2.50 

73.1 

0.203 

30.4 

41.0 

5714 

3488 

1744 

Glass 

Starphire  -  Tin 

2.50 

73.1 

0.203 

30.4 

41.0 

5714 

3488 

1744 

Glass 

BOROFLOAT  -  Air 

2.22 

63.1 

0.180 

26.7 

32.9 

5560 

3474 

1737 

Glass 

BOROFLOAT  -  Tin 

2.22 

63.1 

0.180 

26.7 

32.9 

5560 

3474 

1737 

Glass 

Fe  soda-lime  silicate  -  Air 

2.51 

75.5 

0.231 

30.7 

46.8 

5910 

3495 

1748 

Glass 

Fe  soda-lime  silicate  -  Tin 

2.51 

75.5 

0.231 

30.7 

46.8 

5910 

3495 

1748 

Glass 

Opal  (Hydrated  silica) 

1.97 

75.5 

0.231 

30.7 

46.8 

6671 

3945 

1973 

Glass  Ceramic 

ROBAX 

2.51 

99.7 

0.269 

39.3 

71.9 

7043 

3959 

1980 

Single  Crystal 

o-Quartz  {1000} 

2.64 

78 

0.147 

34.0 

36.8 

5579 

3589 

1794 

Single  Crystal 

O-Quartz  (0001) 

2.65 

100 

0.047 

47.8 

36.8 

6157 

4245 

2123 

3.4.  Results  and  Discussion 


The  results  from  the  spherical  indentation  are  listed  in  Table  3.2  for  25  N  loading  and  a 
comparison  of  the  estimated  apparent  yield  stresses  are  shown  in  Fig.  3.9.  A  listing  of  all  the 
indentation  tests  is  shown  in  Appendix  I.  The  BOROFLOAT's  apparent  yield  stress  (~  5.5  GPa) 
was  about  25%  lower  than  that  of  Starphire  (~  7.5  GPa  and  taken  here  to  be  a  reference  value). 
The  apparent  yield  stress  of  the  iron-containing  soda  lime  silicate  was  equivalent,  that  of 
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ROB  AX  was  about  10%  lower,  and  that  of  opal  was  about  80%  lower  than  that  of  Starphire. 
Two  different  directions  of  loading  were  applied  for  alpha  quartz  testing  due  to  anisotropy  and 
the  respective  apparent  yield  stress  values  measured  were  about  15%  lower  than  that  of 
Starphire. 

Hugoniot  elastic  limit  ( HELcaic )  was  calculated  using  each  materials  apparent  yield  stress 
(Sapp)  and  Poisson's  ratio  (v)  according  to 


HELcalc  = 


1- v 
l-2v 


app 


(2) 


Their  values  are  compared  against  literature  values  for  three  of  the  glasses  (fused  silica  [16], 
Starphire  soda  lime  silicate  glass  [17],  and  BOROFLOAT  borosilicate  glass  [18]),  and  this  is 
shown  in  Fig.  3.10.  The  HELcaic  values  are  somewhat  larger  than  literature  values,  and  this  could 
be  attributed  to  Sapp  being  larger  valued  than  the  material's  actual  yield  stress. 

While  BOROFLOAT  had  a  lower  apparent  yield  stress  than  both  Starphire  and  the  iron- 
containing  soda  lime  silicate  glass,  its  total  amount  of  hysteresis  was  ~  35  %  lower  when 
indented  to  the  same  maximum  load.  However,  the  amount  of  applied  stress  is  higher  in  the 
Starphire  and  iron-containing  soda  lime  silicate  than  the  BOROFLOAT  (for  the  same  indentation 
force)  because  the  elastic  modulus  of  both  of  them  is  about  15%  higher  than  that  of 
BOROFLOAT.  The  glass  ceramics  had  equivalent  amounts  of  hysteresis  as  BOROFLOAT,  but 
the  elastic  modulus  of  all  of  them  is  ~50%  higher  than  that  of  BOROFLOAT.  If  the  product  of 
the  amount  of  hysteresis  and  elastic  modulus  is  related  to  total  absorbed  energy,  then  the  glass 
ceramics  absorb  more  energy  than  the  BOROFLOAT. 
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Table  3.2.  Summary  of  spherical  indentation  results 


Material  Class 

Material 

Max 

Force 

<N) 

Max  Hertz 

Contact 

Stress 

(GPa) 

Max  Indent 
Depth  of 
Penetration 
(pm) 

Residual 

Depth 

(pm) 

Hysteresis 

(N.pm) 

Load  at 

1st 

Inflection 

(N) 

Load  at 
First 
Acoustic 
Event (N) 

Estimated 

Load  of 
Apparent 
Yielding  (N) 

Calculated 

Apparent 

Yield 

Stress 

(GPa) 

Ring 

Cracking 

Ring 

Crack 

Diameter 

(pm) 

Radial 

Cracking 

Glass 

Fused  Silica 

25 

12.53 

8.8 

0.13 

1.8 

17.91 

None 

15.7 

7.3 

Yes 

61.7 

No 

Glass 

Starphirc  Air 

25 

12.69 

7.7 

1.03 

14.0 

None 

None 

18.6 

7.9 

YSS 

No  data 

Yes 

Glass 

Starphire  Tin 

25 

12.69 

8.2 

1.08 

14.0 

15.12 

None 

14.9 

7.0 

Yes 

No  data 

Yes 

Glass 

Borofloat  Air 

2S 

11.50 

9.6 

0.71 

9.3 

None 

None 

10.8 

5.5 

Yes 

No  data 

NO 

Glass 

Borofloat  Tin 

25 

11.50 

9.4 

0.73 

8.8 

None 

None 

11.3 

5.4 

Yes 

No  data 

No 

Glass 

Fe-SLS  Air 

25 

10.62 

8.5 

0.96 

13.6 

None 

18.3 

18.0 

7.6 

Yes 

57.5 

No 

Glass 

Fe-SLS  Tin 

25 

10.61 

8.6 

1.09 

15.3 

None 

23.8 

17.0 

7.7 

Yes 

67.0 

NO 

G  ass 

Opal  (Hydrated  Glass) 

25 

10.62 

25.0 

8.25 

87.0 

None 

2.47 

3.2 

1.4 

Yes 

42.3 

Yes 

Glass  Ceramic 

ROBAX 

25 

12.77 

8.5 

0.35 

7.6 

11.6 

11.6 

12.0 

6.6 

Yes 

65.7 

No 

Single  Crystal 

alpha  Quartz  <0001} 

25 

12.90 

49.8 

7.92 

320.6 

None 

14.4 

4.9 

5.4 

Yes 

56.2 

Yes 

Single  Crystal 

alpha  Quartz  (1000) 

25 

10.61 

8.5 

0.39 

7.7 

14.19 

14.55 

7.2 

6.1 

Yes 

72.1 

No 
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Test  Materials 


Figure  3.9.  Comparison  of  the  average  apparent  yield  stress  for  all  the  indented 
siliceous  materials. 
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Material 


Figure  3.10.  Comparison  of  the  calculated  Hugoniot  Elastic  Limit  from  apparent 
yield  stress  values  with  literature  HEL  values. 
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Hugoniot  Elastic  Limit  (GPa) 


4.  DIAMOND  ANVIL  CELL  (DAC)  TESTING 


4. 1 .  Features  and  Advantages 

The  diamond  anvil  cell  (DAC)  is  a  tool  used  to  study  materials  experiencing  high 
hydrostatic  pressures  and  the  phase  transitions  they  undergo  during  pressure  loading.  It  was 
conducted  in  this  study  in  parallel  to  spherical  indentation  and  laser  shock  testing  because  DAC 
testing  is  the  most  commonly  recognized  method  to  generate  high  pressure  in  the  laboratory  so  it 
served  as  a  reference  test.  A  very  nice  review  of  the  DAC  history  can  be  found  in  Ref.  [19]. 

The  DAC  is  able  to  reach  very  high  pressure  (100s  of  GPa)  by  exerting  a  large  counter 
imposing  force  between  two  very  small  diamond  facets.  Rates  of  phase  transitions, 
recrystallization,  birefringence,  and  other  material  properties  can  be  measured  concurrently  using 
x-ray  diffraction,  the  ruby  method,  heating  apparatus,  and  Raman  and  brillouin  scattering. 

The  press  consists  of  four  main  parts,  a  force  generator,  two  diamond  anvils,  a  gasket, 
and  a  pressure-transmitting  medium.  A  schematic  of  the  DAC  is  shown  Fig.  4.1  and  a  photo  of  a 
piece  of  test  material,  ruby,  and  gasket  is  shown  in  Fig.  4.2. 


Electromagnetic  Radiation 


Ruby 
Sample 
Backing  Plate 


Figure  4.1.  Schematic  of  the  diamond  anvil  cell  test. 
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Figure  4.2.  Siliceous  material  and  ruby  pressure  sensor  mounted  in  the  diamond 
anvil  cell.  The  4:1  methanohethanol  pressure  medium  is  used  to  ensure 
hydrostatic  pressure  conditions. 


The  placement  and  co-pressurization  of  a  ruby  crystal  enables  the  hydrostatic  pressure  to 
be  measured  because  the  peak  shift  as  a  function  of  pressure  is  calibrated  for  ruby.  An 
illustration  of  this  functionality  is  shown  in  Fig.  4.3. 
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Figure  4.3.  Peak-shift  of  ruby  R-l  fluorescence  emission  is  used  to  measure 
pressure  in  the  diamond  anvil  cell.  The  spectra  are  presented  at  a  three  different 
pressures  in  a  typical  high  pressure  experiment  on  siliceous  material. 
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4.2.  DAC  Stress  Field 


The  DAC  produces  a  hydrostatic  stress  state  on  the  test  material  (and  the  ruby).  An 
illustration  of  that  stress  field  is  shown  in  Fig.  4.4. 
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Figure  4.4.  Stress  state  produced  by  diamond  anvil  cell  testing. 


4.3.  Experimental  Method 

Diamond  anvil  cell  testing  was  performed  on  the  materials  listed  in  Table  4.1  up  to 
approximately  20  GPa.  A  4:1  methanol-ethanol  mixture  was  used  for  the  liquid  medium  and  its 
Raman  spectrum  was  subtracted  from  the  generated  raw  spectrum  of  each  test.  A  Raman 
spectrum  was  generated  prior  to  loading,  at  several  stresses  up  to  20  GPa,  and  then  again  after 
unloading. 
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Table  4. 1 .  Diamond  anvil  cell  test  matrix. 


Material 

Density 

P 

Structure 

Brand  Name  or  Type 

(g/cmA3) 

Glass 

Fused  Silica 

2.18 

Glass 

Starphire 

2.50 

Glass 

BOROFLOAT 

2.22 

Glass 

Opal  (Hydrated  glass) 

1.97 

Glass 

Starphire  -  Hydrated 

2.13 

Glass  Ceramic 

ROBAX 

2.51 

Crystal 

a-Quartz 

2.64 

Crystal 

Coesite 

3.0 

Youngs 

Poissons 

Shear 

Bulk 

Modulus 

Ratio 

Modulus 

Modulus 

E 

V 

G 

K 

(GPa) 

(GPa) 

(GPa) 

72.8 

0.159 

31.4 

35.6 

73.1 

0.203 

30.4 

41.0 

63.1 

0.180 

26.7 

32.9 

75.5 

0.231 

30.7 

46.8 

Unable  to  measure  - 

pieces  too  small 

99.7 

0.269 

39.3 

71.9 

89 

0.147 

38.8 

42.0 

Unable  to  measure 

-  powder  form 

4.4.  Results  and  Discussion 

The  Raman  spectra  for  all  the  materials  listed  in  Table  4.1  are  shown  in  Figs.  4. 5. -4. 12  as 
a  function  of  pressure. 

All  the  glasses  showed  evidence  of  permanent  densification  when  they  were 
hydrostatically  pressured  up  to  20  GPa.  Permanent  densification  for  the  glass  ceramic  was  not 
identified. 

Peaks  in  the  Raman  spectrum  tended  to  form  for  all  the  glasses  and  glass  ceramics  by  10 
GPa  indicating  long-range  ordering  was  being  induced  while  under  pressure.  They  were 
reversible  and  were  absent  after  unloading.  This  suggests  the  material,  while  under  pressure  in  a 
ballistic  event,  may  have  a  different  structure  than  it  does  under  ambient  temperature  and 
pressure.  Diffraction  (X-Ray  or  neutron)  analysis  would  need  to  be  concurrently  performed  to 
explain  what  that  long-range  ordering  was. 

The  amount  of  peak  shifting  per  unit  stress  was  much  greater  for  the  hydrated  Starphire 
soda  lime  silicate  glass  than  the  baseline  (unhydrated  or  as-received)  Starphire.  This  indicates 
that  introduced  water  into  Starphire's  amorphous  structure  decreases  stiffness. 
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It  appears  that  an  additional  phase  is  formed  in  pressurized  Coesite  sample  at  high 
pressures  -  perhaps  Stishovite.  This  is  evidenced  by  the  appearance  of  new  Raman  peaks  at 
pressures  above  6.5  GPa  (Fig.  4.14).  Diffraction  analysis  and  repeat  testing  would  confirm  this. 


Figure  4.5.  Raman  spectrum  as  a  function  of  stress  for  fused  silica. 
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Figure  4.6.  Raman  spectrum  as  a  function  of  stress  for  Starphire  soda  lime 
silicate  glass. 
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Figure  4.7.  Raman  spectrum  as  a  function  of  stress  for  B0R0FL0AT 
borosilicate  glass. 


Figure  4.8.  Raman  spectrum  as  a  function  of  stress  for  opal  (hydrated  silica) 
glass. 
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Figure  4.9.  Raman  spectrum  as  a  function  of  stress  for  hydrated  Starphire  soda 
lime  silicate  glass. 


Figure  4. 10.  Raman  spectrum  as  a  function  of  stress  for  ROB  AX  glass  ceramic. 
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Figure  4. 1 1 .  Raman  spectrum  as  a  function  of  stress  for  a-Quartz. 


Figure  4.12.  Raman  spectrum  as  a  function  of  stress  for  Coesite. 
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5.  LASER  SHOCK  TESTING 


5.1.  Features  and  Advantages 

The  laser  shock  process  is  a  surface  modification  method  in  which  a  laser  is  used  to 
introduce  compression  in  the  surfaces  of  metallic  components  with  minimal  cold  working.  For 
this  testing,  its  use  was  adapted  to  the  testing  of  glass  and  glass  ceramics.  As  shown  in  Fig.  5.1, 
"laser  shock  testing"  utilizes  a  high  powered  laser  to  focus  a  short  duration  energy  pulse  onto  the 
surface  of  a  test  coupon.  A  coating,  which  is  typically  black  tape,  is  placed  on  the  surface  to 
facilitate  the  absorption  of  the  laser  beam  energy.  In  order  to  direct  the  shock  wave  into  surface 
of  the  work,  a  transparent  layer,  usually  flowing  water,  is  continuously  applied  to  the  surface. 
During  a  specific  pulse,  and  as  schematically  shown  in  Fig.  5.2,  the  laser  passes  through  the 
water  and  explodes  the  tape,  creating  a  compressive  shock  wave.  The  energy  and  pressure  of 
that  shock  wave  peens  metals  (i.e.,  the  primary  use  of  this  laser  shock  concept  -  see  Fig.  5.3); 
however,  the  authors  in  the  present  study,  and  in  past  work  involving  polycrystalline  ceramics 
and  the  study  of  spallation  [20],  sought  to  explore  its  effect  on  siliceous  (non-metallic)  materials. 
The  peak  pressure  is  calculated  from  the  measured  energy  versus  time  curve  as  shown  in  Fig. 
5.4.  The  produced  energy  density  is  high;  the  depth  of  the  compressive  surface  stress  induced  by 
laser  shock  can  be  as  much  as  four  times  deeper  than  that  of  conventional  shot  preening. 
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Figure  5.1.  Setup  of  laser  shock  system. 


Laser  Shock  Principle  -  Side  View 


Glass  Tile 


Figure  5.2.  Schematic  of  laser  shock  process. 


33 


Pressure 


=  2-4  GPa 

ceramics:  HEL  =  4-18  GPa 


Figure  5.3.  Exceeding  the  Hugoniot  elastic  limit  (HEL)  will  deform  the  target 
material. 


Figure  5.4.  Impact  pressure  is  a  function  of  applied  power  density. 
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5.2.  Laser  Shock  Stress  Field 


During  the  laser  shock  process,  the  energy  is  applied  very  rapidly,  with  a  rise  time  of 
approximately  4  ns,  and  then  gradually  decays  over  a  couple  tens  of  ns.  The  pressure  application 
is  nearly  constant  over  a  5  mm  diameter,  and  this  produced  "time  zero"  stress  field  is  represented 
by  the  left  hand  side  of  Fig.  5.5.  The  resulting  pressure  wave  mimics  the  behaviour  shown 
schematically  in  Figure  5.6.  Once  this  compressive  wave  (or  P-wave)  reaches  the  rear  surface,  it 
is  reflected  as  a  tensile  wave  propagating  back  towards  the  original  impacted  surface.  During  the 
initial  stages  of  the  reflection  process,  the  net  wave  generated  by  the  combination  of  the 
compressive  and  tensile  waves  is  still  primarily  compressive  in  nature.  During  the  mid-stage  of 
the  reflection  a  portion  of  the  net  wave  is  tensile  while  at  the  late-stage  of  the  reflection  it  is 
predominantly  tensile  in  nature. 


\:h 


Figure  5.5.  Stress  fields  associated  with  uniform  loading  of  laser  shock  (left  side 
of  schematic). 
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Figure  5.6.  One  dimensional  P-wave  propagation  curves  showing 

(a)  compressive  wave  just  prior  to  reaching  back  surface,  and  the  initial 
interaction  of  compressive  and  reflected  tensile  waves  during  (b)  early,  (c)  mid, 
and  (d)  late  stages  of  reflection.  P-wave  speeds  were  >  5500  m/s  in  the  tested 
materials. 


5.3.  Experimental  Method 

Laser  shock  testing  was  used  to  measure  minimum  pressures  required  to  induce  damage 
in  the  glasses  and  glass  ceramics  listed  in  Table  5.1.  Each  plate  was  attached  to  the  end  of  a 
robotic  arm  as  shown  in  Fig.  5.1.  Individual  shots  were  made  in  a  rectangular  pattern  consisting 
of  1  to  5  positions  located  along  4  parallel  rows  (schematically  shown  in  Fig.  5.7).  The  laser 
intensity  versus  time  profile  was  measured  for  each  shot.  This  information  was  then  used  to 
calculate  the  energy  density  assuming  a  laser  spot  diameter  of  5  mm,  which  remained  constant 
for  all  shots.  The  pressure  was  calculated  from  existing  pressure-energy  density  curves.  The 
presence  of  damage  on  the  impacted  surface,  the  back  surface,  or  within  the  bulk  was  noted  for 
each  shot. 
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With  the  exception  of  the  borosilicate  glass,  a  single  shot  was  made  at  each  position. 
However,  in  the  case  of  the  last  test  for  Borosilicate  plate  3,  multiple  shots  using  same  laser 
settings  were  made  for  position  4  in  row  3.  The  laser  settings  were  chosen  such  that  no  visible 
damage  occurred  during  the  first  shot.  Damage  evolution  was  subsequently  monitored  after 
successive  shots. 


Table  5.1.  Laser  shock  test  matrix. 


Youngs 

Poissons 

Shear 

Bulk 

Density 

Modulus 

Ratio 

Modulus 

Modulus 

Material 

P 

E 

V 

G 

K 

Structure 

Brand  Name  or  Type 

(g/cmA3) 

(GPa) 

(GPa) 

(GPa) 

Glass 

Fused  Silica 

2.18 

72.8 

0.159 

31.4 

35.6 

Glass 

Starphire  (soda-lime  silicate)  -  Air 

2.50 

73.1 

0.203 

30.4 

41.0 

Glass 

Starphire  (soda-lime  silicate)  -  Tin 

2.50 

73.1 

0.203 

30.4 

41.0 

Glass 

BOROFLOAT  (borosilicate)  -  Air 

2.22 

63.1 

0.180 

26.7 

32.9 

Glass 

BOROFLOAT  (borosilicate)  -  Tin 

2.22 

63.1 

0.180 

26.7 

32.9 

Glass 

Fe-containing  soda-lime  silicate  -  Tin 

2.51 

75.5 

0.231 

30.7 

46.8 

Glass 

Fe-containing  soda-lime  silicate  -  Air 

2.51 

75.5 

0.231 

30.7 

46.8 

Glass  Ceramic 

ROBAX 

2.51 

99.7 

0.269 

39.3 

71.9 

Position 


2  3  4  5 


Row  1 

Row  2 

Row  3 

Row  4 


Front  Face  of  Test  Plate 

•  •  ■  •  * 


•  •  •  •  • 


f  f  f  •  f 


#  f  §  f  • 


Figure  5.7.  Layout  of  laser  shock  tests  on  test  tiles. 
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5.4.  Results  and  Discussion 


An  example  of  the  pressure  -  damage  initiation  response  is  represented  graphically  in 
Fig.  5.8  for  one  of  the  materials,  and  the  minimum  pressure  needed  to  initiate  damage  in  all  the 
materials  is  shown  in  Fig.  5.9.  The  complete  listing  of  all  measured  data  is  included  in  Appendix 
II.  Of  all  the  materials  studied,  the  fused  silica  exhibited  the  lowest  damage  initiation  pressure. 

Damage  initiated  on  the  tin  side  at  lower  impact  stresses  than  the  air  side  for  the  float 
glasses  (Starphire,  BOROFLOAT,  and  the  iron-containing  soda  lime  silicate).  Additionally, 
more  failure  initiation  sites  were  visible  on  the  tin  side  than  the  air  side  for  an  equivalent  impact 
pressure.  This  is  consistent  with  there  being  a  greater  size  and  concentration  of  surface-located 
flaws  on  the  tin  side  than  the  air  side.  An  artifact  of  the  damage  initiation  starting  at  lower 
impact  pressures  on  the  tin  side  is  the  conical  and  secondary  cracking  spreads  out  at  shallower 
depths  than  on  the  air  side  for  an  equivalent  impact  pressure. 


Figure  5.8.  Graphical  example  of  onset  of  impact-side  damage  as  a  function  of 
pressure  for  the  tin  side  of  Starphire  soda  lime  silicate  glass.  Zero  represents  no 
damage  whereas  a  value  of  one  means  damage  occurred. 
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Test  Materials 


Figure  5.9.  Minimum  laser  shock  pressure  needed  to  initiate  damage  on  the 
contact  side. 


Comparisons  of  laser-shock  impact  are  shown  in  Figs.  5.10-5.12  for  fused  silica,  the  tin 
side  of  Starphire  and  the  tin  side  of  BOROFLOAT,  respectively.  Among  the  glasses,  fused  silica 
was  damaged  at  the  lowest  impact  stresses.  Damage  in  Starphire  tended  to  show  a  spotty,  often 
disconnected  damage  zone.  Damage  in  BOROFLOAT  tended  to  spread  out  more  radially  at 
shallower  depths. 
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Figure  5.10.  Shock  damage  on  fused  silica  glass.  Shown  values  are  the  applied 
pressure  in  GPa. 


Figure  5.11.  Shock  damage  on  the  tin  side  of  Starphire  soda  lime  silicate  glass. 
Shown  values  are  the  applied  pressure  in  GPa. 
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Figure  5.12.  Shock  damage  on  the  tin  side  of  BOROFLOAT  borosilicate  glass. 
Shown  values  are  the  applied  pressure  in  GPa. 


Multiple  failure  initiation  sites  were  visible  in  the  impact  side  damage  zone,  and  their 
initiations  were  likely  a  consequence  of  the  local  surface  flaw  population  that  existed  in  a 
(Hertzian)  radial  tensile  stress  annular  zone  around  the  5  mm  diameter  impact  area.  Multiple 
initiation  sites  are  quite  possible  owing  to  the  short  (~  20  ns)  pulse  of  laser  shock  event. 
Examples  of  this  are  shown  in  Figs.  5.13-5.14. 

The  formation  of  multiple  fracture  initiations  is  possible  because  the  impact  pulse  is  so 
short  (less  than  30  ns).  The  terminal  crack  propagation  speed  is  about  one-half  the  S-wave  [21], 
and  that  speed  is  listed  in  Table  5.2  for  the  materials  that  were  laser  shock  tested.  It  takes 
approximately  4000  ns  for  a  crack  to  propagate  180°  circumferentially  around  a  5  mm  diameter, 
so  if  a  pulse  is  shorter  than  that,  then  there  is  a  possibility  that  two  or  more  cracks  could  form. 
The  pulse  time  was  about  2  orders  of  magnitude  shorter  than  that,  so  the  observation  of  there 
being  multiple  failure  initiations  is  consistent  with  that. 
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Crack  Initiations  at 
7  and  11  o'clock. 
Mirrors  planes 
aligned  with 
local  cone  angle. 


Starphire 
Tin  Side 


Figure  5.13.  Example  of  multiple  failure  initiation  locations  on  laser  shock 
impacted  Starphire  soda  lime  silicate  glass. 


Crack  Initiations  at 
2  and  9  o'clock. 
Mirrors  planes 
aligned  with 
local  cone  angle. 


Borofloat 
Tin  Side 


Figure  5.14.  Example  of  multiple  failure  initiation  locations  on  laser  shock 
impacted  BOROFLOAT  borosilicate  glass. 
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Table  5.2.  Estimated  crack  propagation  speeds. 


P-Wave  or 

S-Wave  or 

Estimated 

Estimated 

Estimated 

Compressive 

Shear 

Maximum  or  Terminal 

Estimated 

Maximum  pulse 

Maximum  pulse 

Wave 

Wave 

Crack  Propagation 

Time  it  takes  to 

time  to  get  more 

time  to  get  more 

Speed 

Speed 

Speed 

go  around  5mm 

than  1  initiation 

than  1  initiation 

Material 

VL 

VS 

VC 

circumference 

on  5mm  circle 

on  5mm  circle 

Structure 

Brand  Name  or  Type 

(m/s) 

(m/s) 

(m/s) 

(MS) 

(MS) 

(ns) 

Glass 

Fused  Silica 

5957 

3793 

1896 

8.3 

4.1 

4100 

Glass 

Starphire  (soda-lime  silicate)  -  Air 

5714 

3488 

1744 

9.0 

4.5 

4500 

Glass 

Starphire  (soda-lime  silicate)  -  Tin 

5714 

3488 

1744 

9.0 

4.5 

4500 

Glass 

BOROFLOAT  (borosilicate)  -  Air 

5560 

3474 

1737 

9.0 

4.S 

4500 

Glass 

BOROFLOAT  (borosilicate)  -  Tin 

S560 

3474 

1737 

9.0 

4.5 

4500 

Glass 

Fe-containing  soda-lime  silicate  -  Tin 

5910 

3495 

1748 

9.0 

4.5 

4500 

Glass 
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A  representative  example  of  the  commonly  observed  impact  side  damage  zone  is  shown 
in  Fig.  5.15.  This  impact  side  damage  zone  typically  had  a  conical  shaped  habit  and  propagated 
several  millimeters  in  from  the  surface. 

Additionally,  a  subsurface  damage  zone  sometimes  formed  in  the  (thick)  Starphire  and 
BOROFLOAT  glasses  whose  formation  was  not  influenced  by  surface-located  flaws  and  any 
crack  propagation  associated  with  that  impact  side  damage.  The  zone  tended  to  form  with  higher 
impact  stresses.  It  was  not  observed  in  the  iron-containing  soda  lime  silicate;  however,  that 
could  be  a  consequence  of  that  material  not  being  tested  to  as  high  an  impact  stress  as  the 
Starphire  and  BOROFFOAT  were.  It  was  co-present  with  impact-initiated  surface  damage  in 
almost  all  tests;  however,  failure  analysis  indicates  this  subsurface  damage  zone  perhaps  formed 
first,  and  then  the  crack  propagation  from  the  impact-side  surface  damage  intersected  it  or  was 
perturbed  by  its  already-existing  presence.  The  fact  that  the  speed  of  the  p-wave  (compressive 
wave)  is  more  than  3  times  faster  than  the  estimated  terminal  crack  propagation  speed  in  these 
materials  is  consistent  with  this  interior  damage  zone  forming  first.  In  one  test  case 
(BOROFFOAT  and  5.1  GPa),  see  Fig.  5.16,  this  subsurface  damage  zone  formed  in  the  absence 
of  impact-side  surface  damage  supporting  the  assertion  their  damage  type  is  completely 
independent  of  impact-side  surface  damage.  This  internal  damage  zone  was  not  evident  in  any 
of  the  laser  shock  tests  in  the  glass  ceramic  material. 
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Figure  5.15.  Side  view  of  a  surface-located  damage  zone  caused  by  laser  shock. 


44 


SIDE 

VIEW 


-  4 

_  -J 

Damage 

— —  completely 
in  interior 

Back  Side 

Figure  5.16.  Side  view  of  an  interior  damage  zone  caused  by  laser  shock. 


The  impact  side  damage,  and  its  ease  to  initiate,  is  most  likely  limited  by  the  surface-flaw 
population  that  exists  on  the  glasses  and  glass  ceramics.  Surface  flaws  are  a  characteristic  of  the 
material's  handling  history  and  are  not  necessarily  characteristic  of  the  material  itself.  A  smaller 
flaw  size  should  result  in  greater  impact  damage  resistance.  The  trend  of  impact  side  damage 
initiation  stress  tracked  (Figs  5.17-5.18)  with  previous  work  of  the  authors  on  ball  impact  crack 
initiation  force  and  spherical  indentation  ring  crack  initiation  force  [22-24];  this  is  consistent 
with  impact  side  damage  initiation  being  associated  with  surface-located  flaws.  Impact  side 
damage  initiation  stress  did  not  track  with  apparent  yield  stress  (Fig.  5.19). 
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Figure  5.17.  Minimum  pressure  to  initiative  shock  damage  increased  with  ring 
crack  initiation  force  measured  using  spherical  indentation  in  previous  studies  by 
the  authors  [22-24], 
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Figure  5.18.  Minimum  pressure  to  initiative  shock  damage  increased  with  ball 
impact  ring  crack  initiation  force  measured  in  a  previous  studies  by  the  authors 
[22-24], 
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Figure  5.19.  There  was  no  correlation  between  onset  of  laser-shock-induced 
damage  on  the  impact  surface  and  apparent  yield  stress. 


The  amount  of  microcracking  within  the  5  mm  diameter  impact  of  the  ROBAX  glass 
ceramic  was  more  extensive  (finer  sized)  than  in  the  glasses.  This  could  be  a  consequence  of 
potential  differences  in  surface  flaw  populations  among  these  materials  and  the  fact  that  the  glass 
ceramic  has  nano  crystallites  in  it. 

If  available,  then  a  larger  tile  thickness  of  test  material  is  desired  to  avoid  tile  fracture.  A 
suggested  thickness  of  8-9  mm  or  greater  is  recommended  for  laser  shock  testing.  Therefore,  a 
fractured  tile  is  an  indicator  of  a  "specimen  size  effect"  and  may  inhibit  the  ability  to  examine 
bulk  damage  otherwise  produced  in  a  thicker  tile  of  the  same  material. 
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6.  SUMMARY 


Several  siliceous  based  materials  were  examined  in  this  study.  Some  were  glasses  (fused 
silica  or  fused  quartz,  Starphire  soda  lime  silicate  glass,  hydrated  Starphire,  BOROFLOAT 
borosilicate  glass,  an  iron-containing  soda  lime  silicate  glass,  opal  (a  hydrated  silicate  glass),  a 
glass  ceramic  (ROBAX),  and  others  were  single  crystal  (quartz)  and  polycrystalline  (Coesite) 
ceramics.  Some  of  these  materials  are  presently  used  in  transparent  armor  systems  or  are  under 
consideration  for  such.  The  testing  of  these  materials  allowed  for  comparisons  of  glass  types, 
glass  versus  a  glass  ceramic,  effect  of  water  content,  and  comparison  of  amorphous  versus 
crystalline  materials  of  the  same  composition. 

The  responses  of  these  materials  to  high  pressure  loading  were  studied  using  spherical 
indentation  testing,  diamond  anvil  cell  testing,  and  laser  shock  testing.  Each  test  is  different  and 
enables  the  study  of  different  aspects  of  high  pressure  response.  Spherical  indentation,  when 
using  small  indenter  diameters,  produces  both  high  pressure  and  shear,  and  the  loading  and 
unloading  histories  enable  estimations  of  yield  stress  and  hysteresis.  Diamond  anvil  cell  testing 
produces  a  hydrostatic  stress,  and  when  concurrently  used  with  Raman  Spectroscopy,  enables  the 
identification  of  changes  of  state  of  material  as  a  function  of  pressure.  Laser  shock  testing 
produces  high  pressures  but  under  dynamic  conditions  (impact  event  less  than  30  ns),  so  this 
enables  the  study  of  the  effect  of  rate  on  high  pressure. 

From  these  three  tests,  the  following  observations  were  made: 

Spherical  indentation  testing 

•  Always  confirm  indenter  diameter.  The  diameter  of  a  commercial  spherical  indenter 
should  be  independently  confirmed  by  the  user  because  the  manufacturer's  reported  value 
of  it  should  not  be  trusted.  For  example,  the  diameter  of  the  indenter  used  in  this  study 
was  ~  27%  smaller  than  what  the  manufacturer  reported,  and  this  difference  was 
confirmed  using  two  different  measurement  methods.  This  is  noteworthy  because  once  a 
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correct  value  of  diameter  was  used  in  the  Hertzian  stress  analysis,  the  measured  elastic 
responses  of  the  test  materials  behaved  as  expected. 

•  The  use  of  the  adjective  "apparent"  in  apparent  yield  stress.  A  yield-like  response  is 
being  detected  in  spherical  indentation  by  the  use  of  a  indent  depth  of  penetration  sensor. 
But  in  a  Hertzian  indent,  when  a  yield-like  response  occurs,  it  occurs  at  a  location  under 
the  indenter  at  a  depth  of  approximately  one-fourth  the  contact  diameter.  The  indenter 
depth  of  penetration  sensor  will  not  detect  (permanent)  penetration  until  that  yielding 
manifests  itself  to  the  surface.  Therefore,  the  "actual"  yielding  in  spherical  indentation 
occurs  at  a  compressive  load  slightly  lower  than  what  it  experimentally  determined  here  - 
at  an  estimated,  but  unconfirmed,  stress  difference  of  5-10%.  For  that  reason,  our 
reporting  of  a  value  here  is  not  the  material's  actual  yield  stress  but  rather  an  "apparent 
yield  stress." 

•  Estimating  apparent  yielding.  The  onset  of  apparent  yielding  (i.e.,  an  apparent  yield 
stress)  could  be  estimated  by  (1)  using  an  indent  tester  capable  of  concurrently  measuring 
applied  load  and  indenter  depth  of  penetration,  and  (2)  identifying  the  indentation  load 
where  the  idealized  (elastic)  Hertzian  loading  curve  diverged  from  the  experimentally 
generated  loading  curve. 

•  Comparison  of  apparent  yield  stresses.  The  BOROFLOAT's  apparent  yield  stress 
(~  5.5  GPa)  was  about  25%  lower  than  that  of  Starphire  (~  7.5  GPa).  The  apparent  yield 
stress  of  the  iron-containing  soda  lime  silicate  was  equivalent  to  that  of  the  Starphire. 
The  apparent  yield  stress  of  ROB  AX  was  about  10%  lower.  The  apparent  yield  stress  of 
opal  was  about  80%  lower  than  that  of  Starphire.  Two  different  directions  of  loading  on 
alpha  quartz  had  anisotropy  and  their  apparent  yield  stresses  were  about  15%  lower  than 
that  of  Starphire. 

•  Hardness,  spherical  indentation,  yield  stress,  and  material  properties.  Estimating  the 
yield  stress  (or  an  apparent  yield  stress)  of  a  material  is  determining  an  intrinsic  material 
property.  Hardness,  on  the  other  hand,  is  not  a  material  property  but  rather  is  a  material 
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characteristic  because  it  depends  on  the  indenter  shape  being  used.  If  spherical 
indentation  can  be  employed  to  estimate  apparent  yield  stress,  then  it  is  a  superior 
measurement. 

•  Hysteresis  and  elastic  modulus.  While  BOROFLOAT  had  a  lower  apparent  yield  stress 
than  both  Starphire  and  the  iron-containing  soda  lime  silicate  glass,  its  total  amount  of 
hysteresis  was  ~  35  %  lower  when  indented  to  the  same  maximum  load.  However,  the 
amount  of  applied  stress  is  higher  in  the  Starphire  and  iron-containing  soda  lime  silicate 
than  the  BOROFLOAT  (for  the  same  indentation  force)  because  the  elastic  modulus  of 
both  of  them  is  about  15%  higher  than  that  of  BOROFLOAT.  The  glass  ceramic  had  an 
equivalent  amount  of  hysteresis  as  BOROFLOAT,  but  its  elastic  modulus  is  -50%  higher 
than  that  of  BOROFLOAT.  If  the  product  of  the  amount  of  hysteresis  and  elastic 
modulus  is  related  to  total  absorbed  energy,  then  the  glass  ceramic  absorbs  more  energy 
than  the  BOROFLOAT. 


Diamond  anvil  cell  testing 

•  Permanent  densification.  All  the  glasses  showed  evidence  of  permanent  densification 
when  they  were  hydrostatically  pressured  up  to  20  GPa.  The  identification  of  permanent 
densification  for  the  glass  ceramics  could  not  be  made. 

•  Long-range  ordering.  While  under  pressure,  peaks  in  the  Raman  spectrum  tended  to 
form  for  all  the  glasses  and  glass  ceramics  by  10  GPa  indicating  long-range  ordering. 
They  were  reversible  and  were  absent  after  unloading.  Diffraction  (X-Ray  or  neutron) 
analysis  would  need  to  be  concurrently  performed  to  explain  what  that  long-range 
ordering  was. 

•  Effect  of  water  in  glass.  The  amount  of  peak  shifting  per  unit  stress  was  much  greater  for 
the  hydrated  Starphire  soda  lime  silicate  glass  than  the  baseline  (unhydrated  or  as- 
received)  Starphire.  This  indicates  that  introduced  water  into  Starphire's  amorphous 
structure  decreases  stiffness. 
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•  Coesite  and  Stishovite.  It  appears  that  an  additional  phase  is  formed  in  pressurized 
Coesite  sample  at  high  pressures  -  perhaps  Stishovite.  This  is  evidenced  by  the 
appearance  of  new  Raman  peaks  at  pressures  above  6.5  GPa.  Diffraction  analysis  and 
repeat  testing  would  confirm  this. 

Laser  shock  testing 

•  Surface  flaws.  The  impact  side  damage,  and  its  ease  to  initiate,  is  most  likely  limited  by 
the  surface-flaw  population  that  exists  on  the  glasses  and  glass  ceramics.  Surface  flaws 
are  a  characteristic  of  the  material's  handling  history  and  not  necessarily  characteristic  of 
the  material  itself.  A  smaller  flaw  size  should  result  in  greater  impact  damage  resistance. 
Impact  side  damage  initiation  stress  tracked  with  previous  work  of  the  authors  on  ball 
impact  crack  initiation  force  and  spherical  indentation  ring  crack  initiation  force;  this  is 
consistent  with  impact  side  damage  initiation  being  associated  with  surface-located  flaws. 
Impact  side  damage  initiation  stress  did  not  track  with  apparent  yield  stress. 

•  Multiple  failure  initiations.  Multiple  failure  initiation  sites  were  visible  in  the  impact  side 
damage  zone,  and  their  initiations  were  likely  a  consequence  of  the  local  surface  flaw 
population  that  existed  in  a  (Hertzian)  radial  tensile  stress  annular  zone  around  the  5  mm 
diameter  impact  area.  Multiple  initiation  sites  are  quite  possible  owing  to  the  short  (~  20 
ns)  pulse  of  laser  shock  event. 

•  Tin  side  damages  easier  in  float  glass.  Damage  initiated  on  the  tin  side  at  lower  impact 
stresses  than  the  air  side  for  the  float  glasses  (Starphire,  BOROFLOAT,  and  the  iron- 
containing  soda  lime  silicate).  Additionally,  more  failure  initiation  sites  were  visible  on 
the  tin  side  than  the  air  side  for  an  equivalent  impact  pressure.  This  is  consistent  with 
there  being  a  greater  size  and  concentration  of  surface-located  flaws  on  the  tin  side  than 
the  air  side.  An  artifact  of  the  damage  initiation  starting  at  lower  impact  pressures  on  the 
tin  side  is  the  conical  and  secondary  cracking  spreads  out  at  shallow  depths  than  on  the 
air  side  for  an  equivalent  impact  pressure. 
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•  Glass  ceramic  damaged  differently.  The  amount  of  microcracking  within  the  5  mm 
diameter  impact  of  the  ROBAX  glass  ceramic  was  more  extensive  (finer  sized)  than  the 
glasses.  This  could  be  a  consequence  of  potential  differences  in  surface  flaw  populations 
among  between  them. 

•  Interior  damage  zone.  A  subsurface  damage  zone  sometimes  formed  in  the  (thick) 
Starphire  and  BOROFLOAT  glasses  whose  formation  was  not  influenced  by  surface- 
located  flaws  and  any  crack  propagation  associated  with  that  impact  side  damage.  The 
interior  damage  zone  tended  to  form  with  higher  impact  stresses.  It  was  not  observed  in 
the  iron-containing  soda  lime  silicate;  however,  that  could  be  a  consequence  of  that 
material  not  being  tested  to  as  high  an  impact  stress  as  the  Starphire  and  BOROFLOAT 
were.  The  interior  damage  zone  was  co-present  with  impact-initiated  surface  damage  in 
almost  all  tests;  however,  failure  analysis  indicates  this  subsurface  damage  zone  perhaps 
formed  first,  and  then  the  crack  propagation  from  the  impact-side  surface  damage 
intersected  it  or  was  perturbed  by  its  already-existing  presence.  The  fact  that  the  speed  of 
the  p-wave  (compressive  wave)  is  more  than  3  times  faster  than  the  estimated  terminal 
crack  propagation  speed  in  these  materials  is  consistent  with  this  interior  damage  zone 
forming  first.  In  one  test  case  (BOROFLOAT  and  5.  1  GPa),  this  subsurface  damage 
zone  formed  in  the  absence  of  impact-side  surface  damage  supporting  the  assertion  the 
damage  type  is  completely  independent  of  impact-side  surface  damage.  This  internal 
damage  zone  was  not  evident  in  any  of  the  laser  shock  tests  in  the  glass  ceramic  material. 

•  Minimum  tile  thickness.  If  available,  then  a  larger  tile  thickness  of  a  test  material  is 
desired  to  avoid  tile  fracture.  A  suggested  thickness  of  8-9  mm  or  greater  is 
recommended  for  laser  shock  testing.  A  fractured  tile  is  a  "specimen  size  effect"  and 
may  inhibit  the  ability  to  examine  bulk  damage  that  may  otherwise  be  observed  in  a 
thicker  tile  of  the  same  material. 
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APPENDIX  I:  List  of  Spherical  Indentation  Results 


Date 

Material 

Series  • 

Indcnter  Diameter 
(pm) 

Max  Force  (N) 

Max  Hertz  Stress 
(Mpa) 

Max  IOOF>  (pm) 

Residual  Depth 
(pm) 

Histeresis 

(N.pm) 

1st  Point  of 
Inflection  (N) 

First  Acoustic 
Event  load  (N) 

Theritcal  Shift 
outside  of 
Experimental 
noise  (N) 

Calculated  Yield 
Stress  (Mpa) 

Ring  Cracking 

ll-Jun-12 

Borofloat  Thin  Air 

1 

110 

25.00 

11503 

8-2 

0-6 

9.8 

No  inflection 

No  Accoustic  Data 

7.5 

53 

yes 

11 -km- 12 

Borofloat  Thin  Air 

2 

110 

SOI 

6732 

1.2 

00 

•0.1 

No  inflection 

No  Accoustic  Data 

Used  to  Cak  E 

N/A 

no 

ll-Jun-12 

Borofloat  Thin  Air 

3 

no 

25.00 

11503 

8.2 

0.6 

9.9 

No  Inflection 

No  Accoustic  Data 

7.5 

53 

yes 

12-Jun-12 

Borofloat  Thin  Air 

S 

no 

13.01 

9253 

6.2 

03 

1.4 

No  Inflection 

No  Accoustic  Data 

4.0 

43 

yes 

ll-Jun-12 

Borofloat  Thin  Air 

4 

no 

25.00 

11503 

10.0 

0.9 

93 

123 

No  Accoustic  Data 

5.0 

43 

yes 

ll-Jun-12 

Borofloat  Thin  Air 

6 

no 

5.01 

6732 

3.2 

0.2 

0.1 

No  inflection 

No  Accoustic  Data 

3.0 

38 

no 

ll-Jun-12 

Borofloat  Thin  Air 

7 

no 

2S.02 

11506 

10.2 

0l9 

9.1 

7.5 

No  Accoustic  Data 

S.0 

43 

yes 

ll-Jun-12 

Borofloat  Thin  Tin 

1 

no 

25.01 

11505 

7.9 

04 

9.4 

15.6 

No  Accoustic  Data 

10.5 

S3 

yes 

ll-Jun-12 

Borofloat  Thin  Tin 

2 

no 

499 

6723 

34 

03 

0.2 

No  inflection 

No  Accoustic  Data 

Used  to  Cak  E 

N/A 

no 

ll-Jun-12 

Borofloat  Thin  Tin 

3 

no 

25.01 

11505 

9.8 

04 

9.9 

No  Inflection 

No  Accoustic  Data 

6.0 

4  4 

yes 

ll-Jun-12 

Borofloat  Thin  Tin 

4 

no 

12.99 

9248 

6.3 

03 

1.6 

No  inflection 

No  Accoustic  Data 

4.0 

3.9 

yes 

ll-Jun-12 

Borofloat  Thin  Tin 

S 

no 

25.00 

11503 

9.7 

04 

100 

No  inflection 

No  Accoustic  Data 

3.0 

3.5 

yes 

25-Jun-12 

Boroltoat  BS  3*3  Air 

1 

no 

25.03 

11507 

10.0 

0.7 

9.2 

15.4 

15.7 

20.0 

7.3 

yes 

25-Jun-12 

Borofloat  BS  3x3  Air 

2 

no 

5.00 

6727 

3.2 

03 

-0.2 

No  Inflection 

None 

Used  to  Cak  E 

N/A 

no 

2S-Jun-12 

Borofloat  BS  3*3  Air 

3 

no 

25.01 

11505 

10.0 

0.7 

93 

No  Inflection 

94 

130 

6.3 

yes 

25-Jun-12 

Borofloat  BS  3*3  Air 

4 

no 

13.00 

9250 

6.4 

03 

1.2 

No  inflection 

12.1 

None 

N/A 

yes 

2S-Jun-12 

Borofloat  BS  3*3  Air 

S 

no 

2S.01 

11505 

94 

0.7 

84 

123 

12.4 

7.0 

5.1 

yes 

21-Jun-12 

Borofloat  BS  3*3  Tin 

1 

no 

25.00 

11503 

9.3 

0.6 

7.5 

No  inflection 

234 

16.0 

6.6 

yes 

21-Jun-12 

Borofloat  BS  3*3  Tin 

2 

no 

500 

6727 

3.1 

0.1 

0.0 

No  inflection 

None 

Used  to  Cak  E 

N/A 

no 

21-Jun-12 

Borofloat  BS  3*3  Tin 

3 

no 

25.01 

11505 

9.6 

0.7 

63 

No  Inflection 

8.6 

15.0 

6.4 

yes 

21-Jun-12 

Borofloat  BS  3*3  Tin 

4 

no 

13.02 

92SS 

5.9 

0.1 

0.6 

No  Inflection 

None 

123 

6.1 

no 

21  Jun-12 

Borofloat  BS  3*3  Tin 

S 

no 

25.01 

11505 

10.0 

06 

9.7 

134 

74 

174 

6.7 

yes 

S-Jun-12 

Starphire  2*2  Air 

1 

no 

25.01 

12691 

83 

1.1 

14.7 

17.5 

No  Accoustic  Data 

173 

7.7 

yes 

8-Junl2 

Starphire  2*2  Air 

2 

no 

5.01 

7426 

2.0 

0.1 

•0.1 

No  Inflection 

No  Accoustic  Data 

UsedtoCakE 

N/A 

no 

ft- Jun-12 

Starphire  2*2  Air 

3 

no 

25.07 

12701 

7.4 

13 

162 

No  Inflection 

No  Accoustic  Data 

163 

7.6 

yes 

8-Jun-12 

Starphire  2x2  Air 

4 

no 

13.03 

10212 

3.6 

03 

04 

No  Inflection 

No  Accoustic  Data 

None 

N/A 

yes 

ft- Jun-12 

S?jrp>iir«-  2*2  Air 

S 

no 

2S.02 

12693 

5.7 

09 

123 

No  inflection 

No  Accoustic  Data 

174 

7.7 

yes 

?-Jun-12 

Starphire  2*2  Tin 

1 

no 

25.01 

12691 

8.6 

13 

18-7 

7.2 

No  Accoustic  Data 

8.0 

60 

yes 

7-Jun-12 

Starptwe  2*2  Tin 

2 

no 

5  05 

7445 

IX) 

00 

0.1 

No  inflection 

No  Accoustic  Data 

Used  to  Cak  E 

N/A 

no 

7-Jun-12 

Starphire  2x2  Tin 

3 

no 

25.01 

12691 

8.1 

13 

183 

22.0 

No  Accoustic  Data 

154 

7.3 

yes 

7-Jun-12 

Starphire  2x2  On 

4 

no 

13.01 

10207 

4.0 

03 

1.2 

No  Inflection 

No  Accoustic  Data 

134 

74 

no 

7-Jun-12 

Starpiure  2x2  Tin 

S 

no 

25.00 

12689 

7.6 

10 

124 

163 

No  Accoustic  Data 

ISO 

7.3 

yes 

26-Jun-12 

Starphire  3x3  Air 

1 

no 

25.00 

12689 

74 

1.1 

15.4 

No  Inflection 

17.0 

214 

83 

yes 

26- Jun-12 

Starphire  3*3  Air 

2 

no 

S.03 

7436 

2.7 

03 

0.1 

No  Inflection 

None 

UsedtoCakE 

N/A 

no 

26- Jun-12 

Starphire  3*3  Air 

3 

no 

25.04 

12696 

86 

1.1 

12.7 

No  inflection 

22.4 

180 

74 

yes 

26-Jun-12 

Starphire  3x3  Air 

4 

no 

13.04 

10215 

5.3 

03 

1.2 

No  Inflection 

None 

None 

N/A 

no 

26- Jun-12 

Starphire  3x3  Air 

5 

no 

25.00 

12689 

8.4 

0.9 

12.4 

No  inflection 

2L7 

224 

8.3 

yes 

21-Jun-12 

Starphire  3x3  Tin 

1 

no 

25.01 

12691 

8.2 

0.9 

no 

No  inflection 

14 

110 

6.9 

yes 

21Jun-12 

Starphire  3x3  Tin 

2 

no 

5.01 

7426 

2.7 

0.1 

•0.1 

No  Inflection 

None 

UsedtoCakE 

N/A 

no 

21 -Jun-12 

Starphire  3x3  Tin 

3 

no 

25.01 

12691 

84 

1.1 

11.7 

No  Inflection 

2437  (unlaoding) 

134 

7.3 

yes 

21-Jun-12 

Starphire  3x3  Tin 

4 

no 

1303 

10212 

53 

03 

1.2 

No  inflection 

None 

8.5 

6.3 

no 

21-Jun-12 

Starphire  3x3  Tin 

5 

no 

25.01 

12691 

83 

10 

117 

No  Inflection 

21.8 

13.5 

7.3 

yes 

fe  SIS  Glass  Air 

1 

no 

25.03 

KIMS 

84 

1.1 

180 

174 

133 

143 

73 

yes 

Fe  SIS  Glass  Air 

2 

no 

SOI 

6211 

2.6 

0.1 

Ol 

No  inflection 

None 

UsedtoCakE 

N/A 

no 

Fe  SIS  Glass  Air 

3 

no 

25.00 

10614 

84 

0.9 

11.9 

No  Inflection 

23.3 

193 

7.9 

yes 

Fe  SIS  Glass  Air 

4 

no 

13.00 

8S3S 

5.2 

0.1 

1.2 

No  Inflection 

None 

None 

N/A 

no 

Fe  SIS  Glass  Air 

S 

no 

2501 

10615 

84 

09 

10  8 

No  inflection 

None  Recorded 

20  0 

80 

no 

Fe  SIS  Glass  Tin 

1 

no 

24.99 

10612 

84 

11 

154 

No  inflection 

233 

174 

7j6 

yes 

fe  SIS  Glass  Tin 

2 

no 

5.00 

6207 

2.9 

03 

0.1 

No  Inflection 

None 

UsedtoCakE 

N/A 

no 

Fe  SIS  Glass  Tin 

3 

no 

25.03 

10618 

83 

10 

153 

No  Inflection 

23.5 

160 

74 

yes 

FeStS  Glass  Tin 

4 

no 

13.00 

8535 

5.3 

0.3 

1.0 

No  Inflection 

None 

None 

N/A 

no 

Fe  SIS  Glass  Tin 

S 

no 

25.00 

10614 

84 

1.1 

14.9 

No  Inflection 

24.8 

18.0 

7.7 

yes 

12-Jul-12 

BOBAXGC 

1 

no 

3S44 

12769 

8-5 

04 

9.0 

9.5 

9.9 

100 

63 

Yes 

12-Jutl2 

ROBAXGC 

2 

no 

5.01 

7468 

2.7 

0.1 

00 

No  Inflection 

2.7 

UsedtoCakE 

N/A 

no 

12-Jul-12 

ROBAXGC 

3 

no 

25.02 

12765 

83 

03 

64 

153 

1S.1 

144 

6.9 

yes 

12-M-12 

ROBAXGC 

4 

no 

1300 

10262 

5.1 

Ol 

14 

No  Inflection 

103 

113 

63 

yes 

12-Jul  12 

UMAX  GC 

5 

no 

25.02 

12765 

86 

03 

7.3 

10.1 

9.7 

12.0 

6.6 

yes 

12-OM-12 

Crystal  Quart*  (0001 

1 

no 

24.97 

12902 

32.7 

87 

2233 

No  inflection 

153 

9.4 

84 

yes 

12  Oct  12 

I 

5: 

I 

1 

2 

no 

504 

7570 

2  4 

00 

0.1 

No  Inflection 

3.7 

54 

63 

no 

12-Oct-12 

Crystal  Quart*  (0001 

3 

no 

24.97 

12902.36 

52.7 

04 

380.8 

No  inflection 

18.6 

3.5 

5.7 

yes 

120ct-12 

Crystal  Quart*  (0001 

4 

no 

12.98 

10374 

35.2 

23 

151.5 

No  Inflection 

10.7 

2.0 

44 

yes 

12  Oct  12 

Crystal  Quart*  (0001 

5 

no 

25.01 

12909 

63.9 

22.2 

3576 

No  inflection 

9.4 

14 

46 

yes 

12-Oct-12 

Crystal  Quart*  (1000 

1 

no 

25.04 

•-Clhlb 

94 

06 

123 

8.7 

87 

33 

44 

yes 

12-OCM2 

Crystal  Quart*  (1000 

2 

no 

5.00 

6206 

2.9 

0.1 

0.5 

No  Inflection 

24 

UsedtoCakE 

N/A 

no 

12-Oct-12 

I 

I 

I 

3 

no 

25.01 

10612 

8.3 

03 

6.6 

20.0 

203 

124 

6.6 

yes 

12  Oct  12 

Crystal  Quart*  (1000 

4 

no 

13.02 

8537 

5-5 

03 

2.8 

8.7 

9.0 

3.0 

43 

no 

12-Oct-12 

Crystal  Quart*  (1000 

S 

no 

25.01 

10613 

74 

03 

4.1 

13.8 

148 

6.0 

S3 

yes 

7-Jun-12 

Fused  Silica 

1 

no 

25.00 

12530 

9.0 

0.1 

1.3 

19.6 

No  Accoustic  Data 

11.0 

6.6 

yes 

7-Jun-12 

Fused  Silica 

2 

no 

4.99 

7322 

3.0 

0.1 

•0.1 

No  Inflection 

No  Accoustic  Data 

UsedtoCakE 

N/A 

no 

7-Jun-12 

Fused  Silica 

3 

no 

25.00 

12530 

87 

03 

1.7 

13.1 

No  Accoustic  Data 

140 

7.1 

yes 

7-Jun-12 

Fused  Silica 

4 

no 

13.05 

10089 

56 

0.0 

03 

No  Inflection 

No  Accoustic  Data 

113 

67 

yes 

7-Jun-12 

Fused  Silica 

S 

no 

25.00 

12530 

86 

0.1 

23 

21.0 

No  Accoustic  Data 

224 

83 

yes 

12  OcM2 

Opal 

1 

no 

25.02 

10616 

32.1 

14.2 

1201 

No  inflection 

34 

14 

14 

Yes 

12-Oct-12 

Opal 

2 

no 

5.01 

6211 

80 

2.1 

4.8 

No  inflection 

2.1 

UsedtoCakE 

N/A 

Yes 

12-Oet-12 

Opal 

3 

no 

25.00 

10614 

21.9 

6.1 

71.7 

No  Inflection 

24 

6.0 

18 

Yes 

120ct  12 

Opal 

4 

no 

12.99 

8533 

14.9 

3.4 

24.0 

No  Inflection 

34 

5.5 

1.7 

Yes 

12-OCM2 

Opal 

S 

no 

5.00 

6207 

6.3 

0.4 

1.7 

No  Inflection 

None  Recorded 

UsedtoCakE 

N/A 

Yes 

12-Oct-12 

Opal 

6 

no 

25.01 

10615 

21.1 

45 

69.1 

No  inflection 

23 

2.5 

1.3 

Yes 
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APPENDIX  II:  List  of  Laser  Shock  Results 


Fused  Silica  or  Fused  Quartz  Glass 


Row 

Sample  No 

Material 

ORNLID 

1 

212  304-1 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-1 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-1 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-1 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-1 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-1 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-2 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-2 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-2 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-2 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-2 

Fused  Silica 

6x6x0.25"  thk 

2 

212  304-2 

Fused  Silica 

6x6x0.25"  thk 

2 

212  304-2 

Fused  Silica 

6x6x0.25"  thk 

2 

212  304-2 

Fused  Silica 

6x6x0.25"  thk 

2 

212  304-2 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-3 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-3 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-3 

Fused  Silica 

6x6x0.25"  thk 

1 

212  304-3 

Fused  Silica 

6x6x0.25"  thk 

3 

212  304-3 

Fused  Silica 

6x6x0.25"  thk 

3 

212  304-3 

Fused  Silica 

6x6x0.25"  thk 

3 

212  304-3 

Fused  Silica 

6x6x0.25"  thk 

3 

212  304-3 

Fused  Silica 

6x6x0.25"  thk 

1 

Energy 

’ulse  Width 

Spot  Diameter 

Power  Density 

Pressure 

(i) 

(ns) 

(mm) 

GW/cmA2 

GPa 

20.1 

25.4 

5.0 

4.030 

5.094 

20.2 

20.4 

5.0 

5.043 

5.736 

19.9 

20.5 

5.0 

4.944 

5.676 

20.1 

20.0 

5.0 

5.118 

5.781 

20.2 

19.6 

5.0 

5.249 

5.859 

20.6 

20.0 

5.0 

5.246 

5.857 

5.2 

2L6 

5.0 

1.226 

2.713 

4.1 

22.0 

5.0 

0.949 

2.369 

3.2 

20.4 

5.0 

0.794 

2.155 

2.7 

22.8 

5.0 

0.596 

1.853 

1.4 

21.6 

5.0 

0.323 

1.339 

13 

22A 

5.0 

0.286 

1.257 

1.3 

22.8 

5.0 

0.284 

1.250 

2.6 

21.2 

5.0 

0.629 

1.906 

2.7 

22.4 

5.0 

0.612 

1.877 

Visible 
Contact  Side 
Damage? 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y  (vs) 

Y  (vs) 

Y  (vs) 

Y 

Y 


Visible 

Spall  or  Back  Side 
Damage? 

Y 

Y 

Y 

Y 

Y 

Y 

Y 
N 

Y 
N 
N 

N 

N 

Y 

Y 


Comments 


3.5 

21.6 

5.0 

0.825 

2.200 

0.9 

22-4 

5.0 

0.205 

1.052 

0.9 

22.8 

5.0 

0.201 

1.042 

1.3 

19.6 

5.0 

0.330 

1.354 

1.2 

20.4  ] 

5.0 

0.287 

1.258 

2.0 

21.6  | 

5.0 

0.460 

1.614 

1.9 

21.6 

5.0 

0.446 

1.588 

1.6 

22.0 

1_ 5,0 

0.359 

1.416 

Pressure  (GPa) 
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Starphire  Soda  Lime  Silicate  Glass  Air  Side 


Row 

Sample  No 

Material 

ORNLID 

1 

2-Air  side 

Starphire 

6by6by  3/4  1 

1 

2-Air  side 

Starphire 

6by6by  3/4  1 

1 

2-Air  side 

Starphire 

6by6by  3/4  1 

1 

2-Air  side 

Starphire 

6by6by  3/4  1 

1 

2-Air  side 

Starphire 

6by6by  3/4  1 

2 

2-Air  side 

Starphire 

6by6by  3/4  1 

2 

2-Air  side 

Starphire 

6by6by  3/4  1 

2 

2-Air  side 

Starphire 

6by6by  3/4  1 

2 

2-Air  side 

Starphire 

6by6by  3/4  I 

3 

2-Air  side 

Starphire 

6by6by  3/4  1 

3 

2-Air  side 

Starphire 

6by6by  3/4  thk 

1 

3-Air  side 

Starphire 

6by6by  3/4  thk 

1 

3-Air  side 

Starphire 

6by6by  3/4  thk 

1 

3-Air  side 

Starphire 

6by6by  3/4  thk 

1 

3-Air  side 

Starphire 

6by6by  3/4  thk 

3 

3-Air  side 

Starphire 

6by6by  3/4  thk 

3 

3-Air  side 

Starphire 

6by6by  3/4  thk 

3 

3-Air  side 

Starphire 

6by6by  3/4  thk 

3 

3-Air  side 

Starphire 

6by6by  3/4  thk 

Energy 

>ulse  Width 

>ot  Diamet« 

Power  Density 

Pressure 

(J) 

(ns) 

(mm) 

GW/cmA2 

GPa 

5.0 

22.8 

5.0 

1.117 

2.582 

8.0 

22.8 

5.0 

1.778 

3.303 

13.5 

22.8 

5.0 

3.016 

4.369 

17.3 

20.8 

5.0 

4.236 

5.230 

21.5 

20.8 

5.0 

5.264 

5.868 

23.5 

19.2 

5.0 

6.234 

6.417 

31.7 

19.6 

5.0 

8.237 

7.437 

34.4 

18.0 

5.0 

9.733 

8.124 

34.1 

16.4 

5.0 

10.590 

8.495 

33.6 

19.2 

5.0 

8.913 

7.754 

34.2 

18.8 

5.0 

9.265 

7.915 

Visible  Visible 

Contact  Side  Spall  or  Back  Side  Comments 
Damage?  Damage? 


N  N 

N  N 

N  N 

N  N 

Comer  edge  damage; 

Y  N  grew  with  time 


Y  N 

Y  N 

N  N 

Y  Y 

Multiple  damage 
pockets  outside  of 

Y  N  impact 

Multiple  damage 
pockets  outside  of 
impact;  damage  on 
back  surface  way  out  of 

Y  Y  pulse  zone 


1 

2 

3 

4 

1 

2 

3 

4 


13.5 

21.2 

5.0 

3.243 

4.540 

16.2 

21.6 

5.0 

3.820 

4.951 

18.7 

21.2 

5.0 

4.492 

5.395 

19.6 

20.0 

5.0 

4.991 

5.704 

21.5 

20.0 

5.0 

5.475 

5.991 

22.4 

19.6 

5.0 

5.821 

6.188 

23.8 

19.6 

5.0 

6.184 

6.390 

30.7 

18.8 

5.0 

8.317 

7.475 

VS 

N 

N 

Y 


Y  multiple 

Y  multiple 

Y  multiple 

Y  multiple 


N 

N 

N 

Y 

N 

N 

N 

N 
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Starphire  Soda  Lime  Silicate  Glass  Tin  Side 


Row 

Sample  No 

Material 

ORNLID 

1 

1-Tin  side 

Starphire 

6by6by  3/4  thk 

1 

1-Tin  side 

Starphire 

6by6by  3/4  thk 

1 

1-Tin  side 

Starphire 

6by6by  3/4  thk 

1 

1-Tin  side 

Starphire 

6by6by  3/4  thk 

1 

1-Tin  side 

Starphire 

6by6by  3/4  thk 

2 

1-Tin  side 

Starphire 

6by6by  3/4  thk 

2 

1-Tin  side 

Starphire 

6by6by  3/4  thk 

2 

1-Tin  side 

Starphire 

6by6by  3/4  thk 

2 

1-Tin  side 

Starphire 

6by6by  3/4  thk 

Energy 

>ulse  Widthjaot  Diamett 

awer  Densi 

Pressure 

(J) 

(ns) 

(mm) 

GW/cmA2 

GPa 

5.3 

22.4 

5.0 

1.205 

2.688 

8.1 

21.6 

5.0 

1.910 

3.430 

13.3 

22.0 

5.0 

3.079 

4.417 

11.6 

21.6 

5.0 

2.735 

4.149 

18.1 

21.2 

5.0 

4.348 

5.303 

22.0 

20.8 

5.0 

5.387 

5.940 

21.9 

20.0 

5.0 

5.577 

6.050 

23.7 

20.4 

5.0 

5.917 

6.242 

31.6 

17.6 

5.0 

9.144 

7.860 

Visible 
Contact  Side 
Damage? 

N 

N 

Y 
N 

Y 

Y 

Y 

Y 

Y 


Visible 

Spall  or  Back  Side 
Damage? 

N 

N 

N 

N 

N 

Y 

N 

N 

N 
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Borofloat  Borosilicate  Glass  Air  Side 


Row 

Sample  No 

Material 

ORNL  ID 

r  1 

2-Air  side 

Borosilicate 

6by6by  3/4  thk 

1 

2-Air  side 

Borosilicate 

6by6by  3/4  thk 

1 

2-Air  side 

Borosilicate 

6by6by  3/4  thk 

1 

2-Air  side 

Borosilicate 

6by6by  3/4  thk 

2 

2-Air  side 

Borosilicate 

6by6by  3/4  thk 

2 

2-Air  side 

Borosilicate 

6by6by  3/4  thk 

2 

2-Air  side 

Borosilicate 

6by6by  3/4  thk 

2 

2-Air  side 

Borosilicate 

6by6by  3/4  thk 

3 

2-Air  side 

Borosilicate 

6by6by  3/4  thk 

3 

2-Air  side 

Borosilicate 

6by6by  3/4  thk 

1 

3-Air  side 

Borosilicate 

6by6by  3/4  thk 

1 

3-Air  side 

Borosilicate 

6by6by  3/4  thk 

1 

3-Air  side 

Borosilicate 

6by6by  3/4  thk 

1 

3-Air  side 

Borosilicate 

6by6by  3/4  thk 

3 

3-Air  side 

Borosilicate 

6by6by  3/4  thk 

3 

3-Air  side 

Borosilicate 

6by6by  3/4  thk 

3 

3-Air  side 

Borosilicate 

6by6by  3/4  thk 

3 

3-Air  side 

Borosilicate 

6by6by  3/4  thk 

3 

3-Air  side 

Borosilicate 

6by6by  3/4  thk 

3 

3-Air  side 

Borosilicate 

6by6by  3/4  thk 

Energy 

>ulse  Width 

jot  Diamet< 

jwer  Densi 

Pressure 

(J) 

(ns) 

(mm) 

GW/cmA2 

GPa 

Visible 
Contact  Side 
Damage? 


Visible 

Spall  or  Back  Side 
Damage? 


Comments 


1 

2 

3 

4 


N 

N 

N 

Y  (1  mm  dia  spot) 


Y  (7  mm  dia) 

Y  (multiple) 

Y  (multiple) 

Y  Large  Complex 

Y  Large  Complex 


N 

N 

N 

N 


N 

N 

N 

N 

N 


8.0 

22.0 

5.0 

1.852 

3.375 

10.1 

22.4 

5.0 

2.296 

3.782 

13.9 

22.0 

5.0 

3.218 

4.522 

13.9 

21.6 

5.0 

3.277 

4.566 

13.8 

21.2 

5.0 

3.315 

4.594 

16.7 

21.2 

5.0 

4.012 

5.082 

11.0 

20.8 

5.0 

2.693 

4.115 

11.3 

20.0 

5.0 

2.878 

4.262 

10.6 

21.6 

5.0 

2.499 

3.955 

11.0 

22.0 

5.0 

2.546 

3.995 

N 

N 

N 

N 

N 

N 

N 

N 

N 


Repeated  shots  at  10  new  tape 
each  hit 

Repeated  shots  at  10  new  tape 
each  hit 

Repeated  shots  at  10  new  tape 
each  hit 

Repeated  shots  at  10  new  tape 
each  hit 
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Borofloat  Borosilicate  Glass  Tin  Side 


Row 

Sample  No 

Material 

ORNL  ID 

1 

1-Tin  side 

Borosilicate 

6by6by  3/4  thk 

1 

1-Tin  side 

Borosilicate 

6by6by  3/4  thk 

1 

1-Tin  side 

Borosilicate 

6by6by  3/4  thk 

1 

1-Tin  side 

Borosilicate 

6by6by  3/4  thk 

2 

1-Tin  side 

Borosilicate 

6by6by  3/4 

thk 

2 

1-Tin  side 

Borosilicate 

6by6by  3/4 

thk 

2 

1-Tin  side 

Borosilicate 

6by6by  3/4 

thk 

2 

1-Tin  side 

Borosilicate 

6by6by  3/4 

thk 

3 

1-Tin  side 

Borosilicate 

6by6by  3/4 

thk 

Shot# 

1 

2 

3 

4 


1 

2 

3 

4 

0 


Energy 

Pulse  Widtl 

)ot  Diamet 

jwer  Densi 

Pressure 

(J) 

(ns) 

(mm) 

GW/cm*2 

GPa 

5.5 

20.4 

5.0 

1.363 

2.870 

7.7 

22.0 

5.0 

1.783 

3.307 

14.1 

22.0 

5.0 

3.264 

4.556 

17.0 

21.6 

5.0 

4.008 

5.079 

22.1 

20.4 

5.0 

5.517 

6.015 

23.6 

20.8 

5.0 

5.779 

6.164 

32.4 

17.0 

5.0 

9.707 

8.112 

34.2 

17.6 

5.0 

9.897 

8.196 

33.8 

18.2 

5.0 

9.438 

7.992 

Visible 
Contact  Side 
Damage? 

N 

Y  (1  mm  dia  spot) 

Y 

Y 


Y 

Y 

Y 

Y 

Y 


Visible 
II  or  Back  $ 
Damage? 
N 
N 
N 
N 


N 

N 


N 

N 

N 


Comments 


Well  deveoped  front  damage  zone 
Well  deveoped  front  damage  zone 


These  shots  cause  preceding 
damaged  regions  to  grow  (see 
images) 
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Fe-Containing  Soda  Lime  Silicate  Glass  Air  Side 


Sample  No 

Material 

ORNLID 

1 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

1 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

1 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

1 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

1 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

3 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

3 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

3 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

3 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

4 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

4 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

4 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

4 

2  Air  Side 

Shelf  Glass 

6by6by  3/4  thk 

Shot# 

1 

2 

3 

4 

5 

1 

2 

3 

4 

1 

2 

3 

4 


Energy 

>ulse  Width 

30t  Diamete 

5wer  Densi 

Pressure 

(J) 

(ns) 

(mm) 

GW/cmA2 

GPa 

5.0 

21.6 

5.0 

1.167 

2.643 

7.3 

22.0 

5.0 

1.697 

3.222 

13.4 

22.0 

5.0 

3.102 

4.435 

11.2 

21.6 

5.0 

2.641 

4.072 

11.3 

21.2 

5.0 

2.715 

4.132 

10.3 

21.6 

5.0 

2.429 

3.896 

13.6 

21.6 

5.0 

3.207 

4.513 

13.6 

21.6 

5.0 

3.207 

4.513 

16.4 

21.2 

5.0 

3.940 

5.033 

17.0 

21.6 

5.0 

4.008 

5.079 

21.5 

20.4 

5.0 

5.368 

5.928 

18.4 

21.6 

5.0 

4.338 

5.297 

18.7 

20.4 

5.0 

4.669 

5.506 

Visible 
Contact  Side 
Damage? 

N 

N 

Small  spot 
N 

Small  spot 

N 

N 

Y  small 
N 

N 

Medium  spot 
Medium  small  spot 
Medium  small  spot 


Visible 

II  or  Back  ^Comments 
Damage? 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 


1.2 


0) 

0) 

E 

ro 

U. 

OJ 

CL 

0) 

C3U0 

ro 

E 

03 

o 

03 

O 

£ 

3 

1/3 

*-> 

C 

o 


0.8 


0.6 


0.4 


0.2 


0 


4.1  GPa 


5.5  GPa 


6.0  GPav  > 

;  fd  \ 


\  i  ♦  ••  •  • 

3  4  5 

Pressure  (GPa) 
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Front  Surface  Damage  Parameter 


Fe-Containing  Soda  Lime  Silicate  Glass  Tin  Side 


Row 


Sample  No 

Material 

ORNLID 

1  Tin  Side 

Shelf  Glass 

6by6by  3/4  thk 

1  Tin  Side 

Shelf  Glass 

6by6by  3/4  thk 

1  Tin  Side 

Shelf  Glass 

6by6by  3/4  thk 

1  Tin  Side 

Shelf  Glass 

6by6by  3/4  thk 

1  Tin  Side 

Shelf  Glass 

6by6by  3/4  thk 

1  Tin  Side 

Shelf  Glass 

6by6by  3/4  thk 

1  Tin  Side 

Shelf  Glass 

6by6by  3/4  thk 

1  Tin  Side 

Shelf  Glass 

6by6by  3/4  thk 

1  Tin  Side 

Shelf  Glass 

6by6by  3/4  thk 

Shot# 

1 

2 

3 

4 

5 

1 

2 

3 

4 


Energy 

>ulse  Width 

DOt  Diamet 

Dwer  Densi 

Pressure 

(J) 

(ns) 

(mm) 

GW/cmA2 

GPa 

4.9 

22.4 

5.0 

1.110 

2.573 

8.1 

21.6 

5.0 

1.915 

3.435 

12.9 

22.0 

5.0 

2.986 

4.346 

16.9 

21.2 

5.0 

4.060 

5.114 

20.3 

18.0 

5.0 

5.744 

6.145 

21.3 

20.4 

5.0 

5.318 

5.899 

13.4 

21.6 

5.0 

3.160 

4.478 

7.9 

21.2 

5.0 

1.898 

3.419 

7.6 

21.2 

5.0 

1.826 

3.350 

Visible  Visible 

Contact  Side  II  or  Back  {Comments 
Damage?  Damage? 

N  N 

multiple  spots  N 

multiple  spots  N 

Y  N 

Y  N 


medium  spot 


N 


outside  of  primary  plasma  zone 
N  N 

pot  on  edge  of  las€  N 
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ROBAX  Glass  Ceramic 


Row  Sample  No  Material 

1  1  Robax 

1  1  Robax 

1  1  Robax 


3  1  Robax 

3  1  Robax 

3  1  Robax 

3  1  Robax 


4  1  Robax 


ORNL  ID 

6by6by  1/4  thk 
6by6by  1/4  thk 

6by6by  1/4  thk 


6by6by  1/4  thk 
6by6by  1/4  thk 
6by6by  1/4  thk 

6by6by  1/4  thk 


6by6by  1/4  thk 


Energy 

>ulse  Widti 

>ot  Diameh 

iwer  Densi 

Pressure 

(J) 

(ns) 

(mm) 

GW/cmA2 

GPa 

4.9 

21.6 

5.0 

1.160 

2.635 

7.6 

22.8 

5.0 

1.698 

3.223 

13.6 

21.6 

5.0 

3.207 

4.513 

8.7 

22.0 

5.0 

2.021 

3.535 

10.3 

21.2 

5.0 

2.462 

3.924 

12.0 

21.2 

5.0 

2.871 

4.257 

11.6 

21.2 

5.0 

2.787 

4.190 

33.9 

18.0 

5.0 

9.592 

8.061 

Visible 
Contact  Side 
Damage? 

N 

N 

Y 


Y 

Y 

Y 


Y 


Y 


Visible 

Spall  or  Back  Side 
Damage? 

N 

N 

Y  Crack  propagated  to 
back  surface 


N 

N 

N 

Y  Crack  propagated  to 

back  surface 

Y  Crack  propagated  to 
back  surface;  multiple 

large  cracks 


3 

3 


2  Robax  6by6by  1/4  thk  1 

2  Robax  6by6by  1/4  thk  2 

2  Robax  6by6by  1/4  thk  3 


2  Robax  6by6by  1/4  thk  1 

2  Robax  6by6by  1/4  thk  3 


N  N 

N  N 

Y  Crack  propagated  to 

Yes  Large  back  surface 

Y  Crack  propagated  to 

Yes  Large  back  surface 

Y  Crack  propagated  to 

Medium  back  surface 


Comments 
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